f Dehalococcoides mccartyi strains are obligate organohalide-respiring bacteria harboring multiple distinct reductive dehalogenase (RDase) genes within their genomes. A major challenge is to identify substrates for the enzymes encoded by these RDase genes. We demonstrate an approach that involves blue native polyacrylamide gel electrophoresis (BN-PAGE) followed by enzyme activity assays with gel slices and subsequent identification of proteins in gel slices using liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS). RDase expression was investigated in cultures of Dehalococcoides mccartyi strain BAV1 and in the KB-1 consortium growing on chlorinated ethenes and 1,2-dichloroethane. In cultures of strain BAV1, BvcA was the only RDase detected, revealing that this enzyme catalyzes the dechlorination not only of vinyl chloride, but also of all dichloroethene isomers and 1,2-dichloroethane. In cultures of consortium KB-1, five distinct Dehalococcoides RDases and one Geobacter RDase were expressed under the conditions tested. Three of the five RDases included orthologs to the previously identified chlorinated ethene-dechlorinating enzymes VcrA, BvcA, and TceA. This study revealed substrate promiscuity for these three enzymes and provides a path forward to further explore the largely unknown RDase protein family.
C
hlorinated ethenes and ethanes are widespread groundwater contaminants (1, 2) . A viable approach for the remediation of chlorinated solvent contamination is microbial reductive dechlorination (3) (4) (5) . Phylogenetically diverse bacteria partially dechlorinate tetrachloroethene (PCE) via trichloroethene (TCE) to cis-1,2-dichloroethene (cis-DCE), including Dehalococcoides, Geobacter, Sulfurospirillum, Dehalobacter, and Desulfitobacterium among others (2) . Dehalococcoides mccartyi strains are the only organisms known to dechlorinate cis-DCE and vinyl chloride (VC) to nontoxic ethene (6) . Some D. mccartyi strains are also capable of catalyzing the reductive dichloroelimination of 1,2-dichloroethane (1,2-DCA) to ethene and 1,2-dichloropropane to propene (7) (8) (9) .
Reductive dechlorination of these groundwater pollutants is catalyzed by reductive dehalogenases (RDases). The catalytic unit is encoded by the RDase subunit A gene (rdhA). Over 650 rdhA genes have been identified from fully sequenced genomes based on sequence homology, and of these genes, over 100 are from Dehalococcoides (10, 11) . Only a few rdhA genes have been functionally characterized because of difficulties inherent to working with slow-growing anaerobes with low biomass yields, the lack of genetic systems for these organisms, and the inability to successfully express functional RDases heterologously. Partial purification of the Dehalococcoides TceA (12), PceA (13) , and VcrA (14) RDases enabled the preliminary characterization of their activity and substrate range, but difficulties in obtaining sufficient biomass hampered biochemical studies. Substrates for the BvcA (15) and MbrA (16) RDases were inferred from transcriptional analysis, although biochemical confirmation is still missing. Adrian et al. (17) identified the first chlorobenzene RDase, CbrA, using a combination of clear native polyacrylamide gel electrophoresis (CN-PAGE), enzyme assays, and liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) peptide identification. This approach enabled functional attribution without requiring large amounts of biomass. Here we build upon this approach using blue native PAGE (BN-PAGE) (18) , which substantially improved recovery of dechlorinating activity after electrophoresis, resulting in higher sensitivity and enabling analysis of a wider range of substrates.
KB-1 is a Dehalococcoides-containing consortium capable of complete PCE hydrogenolysis to ethene via TCE, cis-DCE, and VC as intermediates, as well as 1,2-DCA dichloroelimination to ethene (19, 20) . Metagenome sequencing revealed at least 36 rdhA genes in the KB-1 consortium (10) , and multiple rdhA genes were transcribed simultaneously when the culture was grown on different chlorinated solvents as electron acceptors (21, 22) . D. mccartyi strain BAV1 is capable of hydrogenolysis of all three dichloroethene (DCE) isomers (cis-DCE, trans-DCE, and 1,1-DCE) and VC, as well as the dichloroelimination of 1,2-DCA to ethene (7); 11 rdhA genes were found in its genome (11) . Previous gene expression studies implicated bvcA in the reductive dechlorination of VC to ethene (15) ; however, the RDases that catalyze other dechlorinating reactions are unknown. Therefore, the BN-PAGE approach was applied to identify the RDases expressed and active in strain BAV1 and in the KB-1 consortium.
MATERIALS AND METHODS
Cultures and growth conditions. The KB-1 consortium, a KB-1 subculture grown on 1,2-DCA (referred to as the 1,2-DCA KB-1 subculture), and pure cultures of D. mccartyi strain BAV1 (7) were used in this study. KB-1 was enriched from sediment from a contaminated site in Ontario (Canada) and contains multiple D. mccartyi strains (23) . KB-1 also contains a PCE-and TCE-dechlorinating Geobacter lovleyi strain KB-1 (24) . The KB-1 consortium was routinely maintained with TCE as an electron acceptor and methanol and ethanol as electron donors in a defined mineral salts medium (25) . The 1,2-DCA KB-1 subculture was maintained for over 4 years with 1,2-DCA as electron acceptor and methanol as an electron donor. D. mccartyi strain BAV1 was isolated from dechlorinating microcosms established with aquifer material collected at the contaminated Bachman Road site in Oscoda, Michigan (7) .
Preparation of crude protein extracts. Prior to preparing cell-free crude extracts, an aliquot of KB-1 culture was separated into two bottles, and the bottles were flushed with N 2 -CO 2 (80/20, vol/vol) to purge residual chlorinated ethenes and ethene. The purged cultures were incubated for 5 days (starvation phase), and the bottles were then flushed with H 2 -CO 2 (80/20, vol/vol) to provide an electron donor and amended with 30 mg/liter (aqueous concentration) of either TCE (230 M) (TCE-induced cultures) or VC (480 M) (VC-induced cultures). One day later, cells from 8-to 10-ml culture samples were pelleted by centrifugation for 6 min at 10,000 rpm at 4°C. For the 1,2-DCA KB-1 subculture, 40 ml of culture was collected during the dechlorination of 1,2-DCA to ethene, and cells were collected by centrifugation. Cell pellets were used immediately or stored at Ϫ80°C. D. mccartyi strain BAV1 cultures were grown with either cis-DCE or 1,2-DCA as follows. Replicate vessels containing a mineral salts medium (26) supplemented with 5 mM sodium acetate, ϳ30 mg/ liter (ϳ300 M; aqueous concentration) of cis-DCE or 1,2-DCA, and hydrogen (nominal aqueous concentration of 7.5 mM) as the electron donor were inoculated with strain BAV1 (1.3% vol/vol). When at least 50% of the amended cis-DCE had been dechlorinated to VC (with at least traces of ethene produced as well) or at least 50% of the amended 1,2-DCA had been dechlorinated to ethene, 600 ml BAV1 cell suspension was pelleted by centrifugation for 60 min at 4,000 rpm and 15°C. Cell pellets were stored at Ϫ80°C.
In an anoxic chamber, fresh or thawed frozen cell pellets were suspended in 200 to 250 l of anoxic 1ϫ sample buffer provided with the NativePAGE sample prep kit (Invitrogen, Carlsbad, CA) containing 1% (wt/vol) digitonin. During method optimization, four different detergents were compared, including digitonin, dodecyl-␤-D-maltoside, taurodeoxycholate, and Triton X-100. Digitonin was found to be the most effective (27) . Suspended cell pellets were combined with approximately ϳ200 mg of 75-m-diameter glass beads, sealed in a 1.5-ml screw-top tube, shaken in a bead beater (FastPrep DNA extractor; Savant Instruments, Holbrook, NY) at an intensity of 4.0 for 10 s, and then placed immediately on ice. To separate solubilized proteins from cell debris, the suspensions were centrifuged at 13,000 ϫ g for 10 min at 4°C. For the 1,2-DCA KB-1 subculture only, the cells were lysed by shaking with glass beads on a horizontal vortex mixer (Scientific Industries Inc., Bohemia, NY) at maximum amplitude for three cycles; each cycle consisted of 2 min of shaking and 1 min of incubation in an ice bath. Supernatants (crude protein extracts), containing solubilized proteins, were transferred to new 1.5-ml Eppendorf tubes. Protein concentrations were determined by the Bradford assay (28) with bovine serum albumin as a standard. Before loading the samples on the BN-polyacrylamide gel, crude protein extracts were amended with 5% (wt/vol) G-250 sample additive from the Native-PAGE sample prep kit (Invitrogen) to a final concentration of 0.25% (wt/vol).
BN-PAGE gel electrophoresis and staining. Electrophoresis was performed in an 11°C room using the NativePAGE Novex Bis-Tris gel system (Invitrogen) . The anode and cathode buffers were prepared according to the manufacturer's instructions in the NativePAGE running buffer kit (Invitrogen) and were prechilled to 4°C prior to use. A precast gradient Bis-Tris gel (4 to 16% Bis-Tris; 1.0 mm thick; Invitrogen) was placed in the XCell SureLock minicell, and 5 l of NativeMark unstained protein standard (Invitrogen) was loaded into one lane to serve as the size standard. Volumes of 20 to 25 l of crude protein extract, corresponding to about 12 to 30 g of total protein, were loaded into each of the other lanes of the gel. The remaining crude protein extracts were stored on ice to be used as positive controls in subsequent dechlorination assays. Replicate lanes were prepared for (i) staining to visualize protein bands, (ii) excision of gel slices and elution of proteins for SDS-PAGE, and (iii) excision of gel slices for activity assays. The loaded gel was run successively at 150 V for 60 min, then at 250 V for 30 min, and finally at 300 V for 15 min. For the 1,2-DCA KB-1 subculture only, the BN-PAGE electrophoresis was run for 60 min at 150 V, followed by 45 min at 200 V, while the whole chamber was placed in an ice bath. Once electrophoresis was complete, the lane containing the protein ladder and one lane loaded with the crude protein extract were cut from the rest of the gel using a scalpel and silver stained by the method of Nesterenko et al. (29) . For the 1,2-DCA KB-1 subculture only, the staining was performed using the "Fast Coomassie G-250 Staining" protocol from Invitrogen (30) . The remainder of the gel was stored in anode buffer at 4°or 11°C during the staining procedure. Stained lanes or gel slices were saved at Ϫ20°to 4°C in a solution containing 1% (vol/vol) glacial acetic acid for subsequent LC-MS/MS analysis.
Protein quantification in BN-PAGE gels. The amounts of protein in bands excised from BN-PAGE gel lanes were estimated by comparing the intensity of the stain to those of standards. In this procedure, two gel lanes, one containing a protein ladder and one containing crude protein extract, were first stained following the "Fast Coomassie G-250 Staining" protocol (Invitrogen) (30) and then destained by incubating overnight while gently shaking in 7% (vol/vol) acetic acid to reduce the Coomassie blue background. Then a digital picture (G:BOX Chemi HR16; Syngene) of the two gel lanes was analyzed using ImageJ (http://rsb.info.nih.gov/ij/) comparing gray values of protein bands in the lane with crude protein extracts with those of lanes containing known amounts of protein in the ladder. The amounts of protein in the bands from the ladder had been previously determined in the same way using a series of bovine serum albumin standards. The protein content in BN-PAGE gel slices was not measured in our initial experiments; it was measured only in a later experiment with KB-1 culture extract to investigate enrichment of RDases during BN-PAGE.
Dechlorination activity assays using gel slices. To determine the locations of proteins in an unstained gel lane, the corresponding lanes with silver-stained proteins were aligned, and gel slices were excised using a scalpel. Individual gel slices were cut into 1-mm square pieces and were transferred to 2 ml crimp-top glass vials. For a positive control, 10 to 25 l of the crude protein extract from the same original sample was added to an additional glass vial. Dechlorination activity assays were performed essentially as described previously (31) . In an anoxic chamber, the samples from TCE-induced and VC-induced KB-1 cultures were tested for TCE and VC dechlorination in 2.0-ml crimp-top vials amended with 1.0 ml assay buffer that contained 100 mM Tris-HCl (pH 7.4), 2 mM titanium citrate, 2 mM methyl viologen, and 30 to 70 mg/liter (aqueous concentration) of chlorinated compounds. The samples from the 1,2-DCA KB-1 subculture were assayed for PCE, TCE, cis-DCE, trans-1,2-dichloroethene (trans-DCE), VC, and 1,2-DCA dechlorination. The samples from the BAV1 culture were assayed for cis-DCE and 1,2-DCA dechlorination in 0.8-ml vials with 0.4 ml assay buffer that contained 100 mM potassium acetate (pH 5.8), 4 mM titanium citrate, 4 mM methyl viologen, and 25 mg/liter (aqueous concentration) of cis-DCE or 1,2-DCA. The crude protein extract from the BAV1 culture grown on cis-DCE was also assayed for PCE, TCE, all three isomers of DCE, VC, and 1,2-DCA. Crimp-top vials were closed with Teflon-coated septa immediately after assay buffer addition, thoroughly mixed, and stored upside down inside the anoxic chamber for 24 to 48 h prior to headspace analysis.
Analysis of dechlorination products. To determine the concentrations of chlorinated substrates and their dechlorination products follow-ing incubation, 250 l (for KB-1 assays) and 50 l (for BAV1 assays) headspace samples were removed from activity assay vials and injected directly into a Chrompack CP-3800 gas chromatograph connected to a flame ionization detector (FID) (Varian, Middelburg, the Netherlands) equipped with a 30-m by 0.53-mm GS-Q column (J&W Scientific, Waldbronn, Germany). The following temperature program was used: 100°C for 1 min, temperature increased 50°C/min to 225°C, and hold at 225°C for 2.5 min. The FID was operated at 250°C, with helium as the carrier gas at an input pressure of 680 hPa. For 1,2-DCA KB-1 subcultures only, 300-l headspace samples were similarly analyzed by gas chromatography as described previously (32) .
SDS-PAGE. While excising gel slices for dechlorination activity assays, parallel gel slices were also excised from a second unstained lane to elute proteins for sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). BN-PAGE gel slices were cut into 1-mm square pieces and transferred to 1.5-ml Eppendorf tubes containing 250 l of SDS elution buffer (100 mM Tris-HCl [pH 7.0] and 0.1% [wt/vol] SDS). Following 12 to 20 h of shaking at 750 rpm, the solution containing eluted proteins was concentrated to 10 to 15 l using an Amicon ultracentrifugal filter with a 10-kDa cutoff (Millipore, Billerica, MA) following the manufacturer's instructions. The concentrate was then analyzed by SDS-PAGE, and the gels were silver stained by the method of Nesterenko et al. (29) .
LC-MS/MS analysis. The gel slices of interest from the stained lanes of BN-PAGE or SDS-PAGE gels were destained, and the proteins were reduced with 100 mM dithiothreitol, alkylated with 10 mM iodoacetamide, and digested with trypsin as described previously (17) . The mass of peptide fragments was determined by liquid chromatography coupled to tandem mass spectrometry via electrospray ionization (LC-ESI-MS/MS) as described previously (33) and by nanoLC-LTQ Orbitrap MS/MS (34) . Peptide fragments were identified using the MS/MS ion search in the Mascot server with previously described parameters (34, 35) . For the 1,2-DCA KB-1 subculture only, the LC-MS/MS analysis was performed at the Advanced Protein Technology Center of SickKids' Hospital (Toronto, Canada). After reduction, alkylation, and tryptic digestion of proteins (17) , the resulting peptides were loaded onto a 150-m-inner-diameter (i.d.) precolumn (Magic C 18 column; Michrom Biosciences) at 4 l/min and separated over a 75-m-i.d. analytical column packed into an emitter tip containing the same packing material. The peptides were eluted over 60 min at 300 nl/min using a 0 to 40% acetonitrile gradient in 0.1% formic acid using an EASY n-LC nanochromatography pump (Proxeon Biosystems, Odense, Denmark). The peptides were eluted into a LTQ linear ion trap mass spectrometer (Thermo-Fisher, San Jose, CA) operated in a datadependent mode. Six MS/MS scans were obtained per MS cycle. The raw data files were searched using X!Tandem (Beavis Informatics) using a parent ion accuracy of 2 Da and a fragment accuracy of 0.5 Da. A fixed modification of carbamidomethyl cysteine and variable modification of oxidized methionine were included in the search.
Reference databases used for LC-MS/MS analysis. The mass spectra from samples of the BAV1 culture were searched against proteins from the BAV1 genome (NCBI accession no. NC_009455) (11) . The genome of BAV1 has 11 rdhA genes, including one transcriptionally identified vinyl chloride reductase gene referred to as bvcA (15) . The mass spectra from samples of KB-1 cultures were searched against two reference databases: (i) a database of all predicted protein sequences from the KB-1 metagenome and (ii) a custom RDase database. The KB-1 metagenome was obtained from shotgun sequencing of the KB-1 culture DNA using Sanger sequencing (10) . The assembly and annotation of the KB-1 metagenome were performed using the in-house pipelines of the Department of Energy (DoE) Joint Genome Institute (JGI) (Walnut Creek, CA) (10) Geobacter rdhA gene (KB1_GeobRD) (24) . Because this collection of 36 rdhA sequences from the KB-1 culture was from metagenomic data, it may not cover all rdhA sequences in KB-1 cultures. Therefore, a custom curated protein database containing 182 RdhA sequences (including those from KB-1) was created. These additional RdhA sequences were mined from NCBI and JGI public sequence databases from the genomes of Dehalococcoides and other organisms (see Table S3 in the supplemental material).
RESULTS

RDase expression in BAV1 cultures. Crude protein extract of
Dehalococcoides mccartyi strain BAV1 cultures grown on cis-DCE reductively dechlorinated TCE, cis-DCE, trans-DCE, 1,1-DCE, and VC, but not PCE. 1,2-DCA was transformed by dichloroelimination to ethene (see Table S1 in the supplemental material). The highest dechlorinating activities were observed for the three DCE isomers. These activities are similar to those observed in growing cultures, although the VC dechlorination rate exceeded those of the DCE isomers (7). However, rates observed in growing cultures and in in vitro enzyme assays are not directly comparable because methyl viologen is used as an artificial electron donor in the in vitro assays. After BN-PAGE separation of strain BAV1 crude extracts, cis-DCE dechlorinating activity was mostly constrained to a gel segment around the 242-kDa standard band (Fig.  1) . Analysis of proteins eluted from this gel segment by SDS-PAGE revealed a protein band with a molecular mass between 45 and 66 kDa, the molecular mass range of RDases (Fig. 1) . LC-MS/MS analysis of the SDS-PAGE gel slice revealed the presence of only one RDase, BvcA (Fig. 1) . With crude protein extracts from the BAV1 culture grown on 1,2-DCA instead of cis-DCE, the 1,2-DCA dechlorinating activity was again mostly constrained to a narrow gel slice (3 to 4 mm) around 242 kDa on the BN-PAGE gel ( Fig. 2; see ysis of the gel slices from both BN-PAGE and SDS-PAGE revealed the presence of only one RDase, BvcA (Fig. 2) . Although nonRDase proteins were also detected in the gel slice, BvcA showed the highest coverage (59%) and number of peptide hits (42 hits); BvcA was therefore the most abundant protein in the BN-PAGE gel slice with the highest dechlorinating activity (Fig. 2 and Table 1 ).
RDase expression in KB-1-derived cultures. The crude protein extract from KB-1 cultures dechlorinated PCE, TCE, cis-DCE, trans-DCE, VC, and 1,2-DCA in methyl viologen-amended activity tests (see Table S1 in the supplemental material). The crude protein extracts from the 1,2-DCA KB-1 subculture dechlorinated the same substrates (Table S1 ), despite having been maintained on 1,2-DCA as a growth substrate for 4 years. Dechlorination rates reported in Table S1 were measured over a 24-hour period and were normalized to protein concentration to obtain a rough estimate of the relative specific activity of the enzymes in the crude protein extracts on different substrates. These estimates, ranging from about 4 to 16 nmol · min Ϫ1 · mg protein Ϫ1 depending on the substrate, were lower than the specific activities determined previously for KB-1, which ranged between 50 and 90 nmol · min Ϫ1 · mg protein Ϫ1 (36) . However, in the previous study, activity was determined after 2 to 4 h (instead of 24 h), and cell extracts were prepared by sonication and without detergents (36) .
In BN-PAGE gels using crude protein extracts from the three KB-1 cultures (VC-induced KB-1 culture, TCE-induced KB-1 culture, and 1,2-DCA KB-1 subculture), the dechlorinating activity distribution along the gel lanes was essentially identical to that seen with BAV1 cultures. Again, dechlorinating activity was mainly constrained to a narrow region around 242 kDa ( Fig. 3; see Fig. S2 and Fig. S3 in the supplemental material) . LC-MS/MS analysis was focused on the gel slices with higher activity in order to identify the RDases in the three cultures. In total, only six distinct RDases out of 36 candidate sequences in KB-1 were expressed (Fig. 4) . KB1_VcrA, KB1_BvcA, KB1_TceA, and KB1_RdhA5 were expressed in all three cultures (Fig. 4) . KB1_VcrA was the most abundant RDase in all three cultures based on the number of peptide hits and coverage (Fig. 4) . KB1_RdhA1 was found only in the VC-induced KB-1 culture. KB1_GeobRD, which belongs to Geobacter lovleyi strain KB-1, was found in the TCE-induced culture and to a lesser extent in the VC-induced KB-1 culture, but not in the KB-1 1,2-DCA subculture (Fig. 4) .
Investigating RDase enrichment during BN-PAGE. To determine whether specific activity in the gel slices was higher than that in the crude extract, it was necessary to obtain an estimate of protein content in gel slices. The protein content in gel slices from a KB-1 culture extract was quantified from gel images as described in Materials and Methods. Consistent with all prior experiments, the majority of the activity on TCE, VC, and 1,2-DCA was found in a gel segment around 242 kDa (slice 3 in Fig. S4 in the supplemental material). The total amount of proteins in slice 3 was esti- on July 9, 2017 by guest http://aem.asm.org/ mated to be 0.18 g resulting in specific activities of 77, 90, and 6.9 nmol min Ϫ1 mg Ϫ1 for VC, TCE, and 1,2-DCA, respectively. The specific activity in slice 3 was 5 to 15 times higher than that in the crude protein extract (Fig. S4) , demonstrating enrichment of RDases by BN-PAGE.
Identification of other proteins in active gel slices. Many non-RDase proteins were identified in selected gel slices of enriched activity when the MS spectra were searched against all proteins and protein fragments from the KB-1 metagenome (see Table S3 in the supplemental material) or proteins from the BAV1 genome (Table 1) . In all cultures except the 1,2-DCA KB-1 subculture, the protein with the most peptide hits identified in gel slices showing activity was an RDase. In the 1,2-DCA KB-1 subculture, chaperonin GroEL (Dehalococcoides, IMG gene locus tag DCKB1_11070) and chaperone protein DnaK (Dehalococcoides, IMG gene locus tag DCKB1_174500) were the most abundant proteins, followed by an RDase. GroEL and DnaK were also abundant in all other samples (Table 1 and Table S3 ). Other non-RDase proteins identified with high peptide hits included the Dehalococcoides ␣-subunit of pyruvate:ferredoxin oxidoreductase (IMG gene locus tag DCKB1_41710). In samples from the KB-1 cultures, the majority of proteins belonged to Dehalococcoides, consistent with the dominance of Dehalococcoides in the KB-1 consortium. While Geobacter proteins were found in the TCE-induced and VC-induced KB-1 cultures, no Geobacter proteins were detected in the 1,2-DCA KB-1 subculture, consistent with the absence of Geobacter in this subculture.
DISCUSSION
Functional characterization of RDases. BvcA had previously been associated with VC dechlorination by transcriptional analysis (15) . BvcA was the only RDase detected in active BN-PAGE gel segments obtained from electrophoresis of crude protein extracts from the BAV1 culture grown with either cis-DCE or 1,2-DCA ( Fig. 1 and 2 ). It follows that BvcA must then also dechlorinate cis-DCE and 1,2-DCA. Because BN-PAGE does not separate RDases from each other as shown with data for the KB-1 cultures, BvcA, the only RDase detected in the gel segment showing maximum dechlorinating activity, is likely also the only RDase expressed by strain BAV1 under these conditions. BvcA must then be responsible for all dechlorinating activities detected in the crude protein extracts of the BAV1 culture grown on cis-DCE (see Table S1 in the supplemental material). Therefore, in addition to cis-DCE, 1,2-DCA, and VC, the substrates of BvcA include 1,1-DCE, trans-DCE, and TCE, but not PCE. Similar substrate ranges were observed for two other characterized Dehalococcoides RDases, TceA (12) and VcrA (14) . These results are consistent with the fact that strain BAV1 grows on all three DCE isomers, VC and 1,2-DCA, but not TCE or PCE. TCE and possibly PCE are however cometabolized in the presence of growth-supporting electron acceptors (7) .
In total, only six distinct RDases were detected in the KB-1 cultures (Fig. 4) with three of these orthologous to the characterized Dehalococcoides RDases VcrA, TceA, and BvcA. KB1_VcrA, the most abundant RDase expressed in all KB-1 cultures tested (Fig. 4 and Table 2 ), shares 97.1% amino acid identity (15 differences/519 amino acids [aa]) with VcrA from D. mccartyi strain VS, which was shown to dechlorinate VC, all three DCE isomers, and TCE, the latter much more slowly (14) . KB1_VcrA was also the most abundant in the 1,2-DCA KB-1 subculture, suggesting that it might also dechlorinate 1,2-DCA (Fig. 4 and Table 2 ). KB1_TceA shares 97.3% amino acid identity (15 differences/560 aa) with TceA from D. mccartyi strain 195; TceA is known to dechlorinate TCE, cis-DCE, 1,1-DCE, trans-DCE (slowly), VC (extremely slowly), and 1,2-DCA, but not PCE (12) . KB1_BvcA shares 99.0% amino acid identity (5 differences/516 aa) with BvcA from D. mccartyi strain BAV1; the RDase in this study was found to dechlorinate all three DCE isomers, VC, 1,2-DCA, and TCE, but not PCE. In summary, VcrA, BvcA, and TceA dechlorinate similar substrates with some differences in substrate preferences. How- Table S4 in the supplemental material). For each culture, three consecutive gel slices covering the active region were subjected to LC-MS/MS separately. Peptide hits were reported by summing up the peptide hits for each protein from the three gel slices. Peptide coverage (shown as a percentage) was reported using the highest coverage seen in the three slices. The values for the number of peptide hits and percent coverage for the three gel slices individually are provided in Table S1 in the supplemental material. The superscript letters a to c indicate the following: a, IMG gene locus tag; b, NCBI GI number. ever, they are manifestly distinct in pairwise comparisons, sharing 37.2% (TceA and VcrA), 41.2% (TceA and BvcA), and 39.3% (BvcA and VcrA) amino acid identity.
KB1_RdhA5 was also detected in all three KB-1 cultures. In a previous transcriptional study (22) , the gene encoding KB1_RdhA5 was transcribed with all investigated substrates (TCE, cis-DCE, VC, and 1,2-DCA), corresponding well with the results of this study. In cultures of D. mccartyi strain 195, DET1545, the ortholog of KB1_RdhA5, was the most upregulated at low chlorinated ethene concentrations or respiration rates (37) . The low and possibly constitutive expression of this RDase under all conditions complicate a functional assignment, and thus, the substrate(s) of this RDase remains unknown.
KB1_GeobRD shares ϳ95% amino acid identity to the two nearly identical RDases (NCBI GI numbers 189425924 and 189425926, differing from each other by only 4/515 aa) of Geobacter lovleyi strain SZ. Both G. lovleyi SZ and G. lovleyi strain KB-1 dechlorinate PCE and TCE to cis-DCE (24) using acetate as the electron donor. Since there are no other RDase sequences in these strains, KB1_GeobRD likely dechlorinates both PCE and TCE, which is consistent with our observations: KB1_GeobRD was relatively more abundant in the TCE-induced KB-1 culture, was less abundant in the VC-induced KB-1 culture, which was normally grown on TCE but amended with VC just prior to analysis, and was not detected in the 1,2-DCA KB-1 subculture (Fig. 4 and Table 2 ). These results are also consistent with previous microarray data showing the transcription of KB1_GeobRD in TCE-but not in VC-amended KB-1 cultures (21) .
Features of BN-PAGE. Native PAGE is an electrophoresis technique that separates proteins while preserving their native states, enabling subsequent protein identification using activity assays. Previously, Adrian et al. (17) reported the use of clear native PAGE to identify a chlorobenzene RDase (CbrA) from D. mccartyi strain CBDB1. However, when this technique was applied to protein extracts from the KB-1 cultures, no dechlorination activity was recovered from gel slices. BN-PAGE was then investigated and found to significantly increase the activity recovered from the gel. The major difference between CN-PAGE and BN-PAGE is the use of Coomassie blue G-250 to impart negative charges on protein surfaces for greater mobility through the gel (38) . Another difference between the BN-PAGE approach described herein and the CN-PAGE used by Adrian et al. (17) is that precast 4 to 16% acrylamide gradient gels (Invitrogen) were used. Another important component of method optimization was the selection of an appropriate nonionic, mild detergent required in the sample buffer to solubilize membrane-associated proteins such as RDases. Of the four different detergents tested-digitonin, dodecyl-␤-D-maltoside, taurodeoxycholate, and Triton X-100, digitonin was found to be the most effective.
The BN-PAGE gradient gels (from Invitrogen) separated proteins based on size. Dechlorination activity was highly constrained to regions of electrophoretic mobility corresponding to 242 kDa in all cases studied. The fact that activity was constrained to a particular region suggests enrichment of RDases during electrophoresis. The specific activity in gel slices was found to be 5 to 15 times greater than in crude protein extracts (see Fig. S4 in the supplemental material), further indicating enrichment of RDases by this approach. However, although the BN-PAGE technique can partially separate and enrich RDases from other proteins, it does not separate different RDases from each other. Even when the active gel regions were divided into three consecutive narrow slices (Fig. S2) , no significant differences were found in the RDases identified (see Table S2 in the supplemental material). Therefore, further separation of the proteins in each slice is needed to resolve cases where multiple RDases are coexpressed.
